We use IFPRI's IMPACT framework of linked biophysical and structural economic models to examine developments in global agricultural production systems, climate change, and food security. Building on related work on how increased investment in agricultural research, resource management, and infrastructure can address the challenges of meeting future food demand, we explore the costs and implications of these investments for reducing hunger in Africa by 2030. This analysis is coupled with a new investment estimation model, based on the perpetual inventory methodology (PIM), which allows for a better assessment of the costs of achieving projected agricultural improvements. We find that climate change will continue to slow projected reductions in hunger in the coming decades-increasing the number of people at risk of hunger in 2030 by 16 million in Africa compared to a scenario without climate change. Investments to increase agricultural productivity can offset the adverse impacts of climate change and help reduce the share of people at risk of hunger in 2030 to five percent or less in Northern, Western, and Southern Africa, but the share is projected to remain at ten percent or more in Eastern and Central Africa. Investments in Africa to achieve these results are estimated to cost about 15 billion USD per year between 2015 and 2030, as part of a larger package of investments costing around 52 billion USD in developing countries.
Introduction
The Second Sustainable Development Goal (SDG2) builds off the progress achieved under previous hunger eradication efforts (e.g. Millennium Development Goals; United Nations, 2015a) and presents the ambitious target of ending hunger globally by 2030 (United Nations, 2015b) . Achieving this goal will require a multipronged effort that recognizes that the ''last mile" to eradicate hunger will be the most difficult (Chandy, Kato, & Kharas, 2015) . The next push will have to confront more binding environmental and resource constraints (Rockström et al., 2009; Tilman & Clark, 2014) even as food demand continues to increase due to a growing population (Kc & Lutz, 2017) and their growing demand for richer diets (Bodirsky et al., 2015; Pingali, 2007; Tilman & Clark, 2014) . Climate change further complicates eradicating hunger by reducing agricultural yields, driving up food prices, reducing food availability, and increasing negative health outcomes (Springmann et al., 2016; Sulser et al., 2015; Wiebe et al., 2015) .
Since the 1960s, increasing agricultural productivity has been critical for reducing poverty and hunger globally (Dercon & Gollin, 2014; McArthur, 2015; Pingali, 2012) . However, Africa South of the Sahara (SSA) has benefited less than other regions from past investments and continues to have low agricultural productivity by global standards (GYGWPA, 2017) . Closing agricultural productivity gaps alone will not be sufficient to ensure food supply can keep pace with growing demand (van Ittersum et al., 2016) . Therefore, achieving SDG2 will require specific attention be given to agriculture in Africa and will have to take into account the particularities of the region and encompass a range of important regional crops beyond just the key staple cereals that fueled the Green Revolution (Pingali, 2012) .
In this paper we present scenarios of agricultural productivity enhancements based on current and envisioned CGIAR efforts focused on the developing world. We then estimate the costs of achieving these projected improvements in the agriculture sector applying methodologies developed in the field of R&D investment and productivity gains (Alston, Andersen, James, & Pardey, 2011; Esposti & Pierani, 2003; Evenson & Gollin, 2003; Nin-Pratt, 2016; Nin-Pratt et al., 2015) . We then estimate the impacts of achieving these improvements on agricultural productivity, average incomes, commodity prices, food demand, and hunger using an augmented version of IFPRI's IMPACT modeling system (Robinson et al., 2015) , which was extended to include GLOBE (McDonald, Thierfelder, & Robinson, 2007) , a global general equilibrium model, to capture the macroeconomic impacts of increased agricultural productivity (Rosegrant et al., 2017) . Finally, we compare these results to several recent reports on reducing or eradicating hunger to highlight potential points of uncertainty with respect to the contributions of public investments in agriculture towards SDG2.
Materials and methods

Current levels of agricultural investment
We begin by providing rough approximations of current levels of investment in agriculture to provide context on agricultural investment scenarios explained in greater detail in following sections. The private sector is by far the largest investor in agriculture (FAO, 2012; Lowder, Carisma, & Skoet, 2015) along with being the largest investor in measures to address climate change (Buchner, Trabacchi, Mazza, Abramskiehn, & Wang, 2015) .
A dataset newly released by the United Nation's Food and Agriculture Organization (FAO) shows that, in recent years, farmers in developing countries have invested approximately 153 billion USD annually on agricultural capital-similar to the $156 billion estimate of investments made by farmers in developed countries (Table 1) . 1 (Further details on private investments in Appendix S1). Government investments in agriculture have been smaller than private investments globally, with this difference being more pronounced in developed regions where government investments are about a third the level of private investments, compared to developing regions where it is about half. Public spending on agricultural research and development (R&D) (not shown in Table 1 ) is also an important component of government spending. Beintema, Stads, Fuglie, and Heisey (2012) show that in 2008, it accounted for almost $32 billion globally (about 25 percent of annual government investments in 2010-2012), with Africa and West Asia contributing about 11 percent of global investments. As shown in Table 1 , globally, development flows to agriculture (ODA to agriculture) are much smaller than private and governmental investments in agriculture, while dedicated funds for climate change adaptation and mitigation in agriculture are even smaller. However, ODA flows to agriculture are significant across Africa. In SSA there is a reliance of public budgets on ODA support with over three billion annually from ODA compared to less than two billion from government investments.
Although ODA for adaptation to and mitigation of climate change in the agricultural sector is quite small compared to other sources of finance, development assistance is the most easily tracked of any source of climate finance. Consequently, much discourse and analysis focuses on international public finance of climate change. Private sources of finance for climate change, whether domestic or international, remain largely hidden, which greatly limits our understanding of the overall financing of climate change adaptation and mitigation efforts (UNEP, 2016) .
Work by Buchner et al. (2015) shows that if we consider financing (public, private, domestic, and international) to adapt to and mitigate climate change across sectors, we see that the private sector is, again, the largest source of funds. In 2014, about $391 billion was spent on the financing of adaptation to and mitigation of climate change; most was spent in the country of origin, with the bulk of investments made in East Asia and the Pacific, Western Europe, and the Americas. About $12 billion was invested in countries in SSA. Most public and private finance has funded mitigation efforts and the generation of renewable energy. The amount of private finance for climate change adaptation and mitigation allocated toward agriculture, forestry, and land use is unknown, but about six billion in ODA (of $148 billion of public finance) was allocated to these sectors, with about an even split between mitigation and adaptation. Public finance for climate adaptation and mitigation encompasses national, multilateral, and bilateral actors, with contributions from international organizations representing only a small fraction of the assistance (Buchner et al., 2015) .
Modeling framework
To explore the role of increased agricultural productivity for food security in Africa, we use IFPRI's IMPACT system of models (Robinson et al., 2015) . IMPACT has been used extensively in projecting future agricultural production and demand and changes to food security globally and regionally (Delgado, Rosegrant, Steinfeld, Ehui, & Courbois, 2001; Nelson et al., 2010; Rosegrant, Leach, & Gerpacio, 1999; Rosegrant, Paisner, Meijer, & Witcover, 2001; Sulser, Nestorova, Rosegrant, & van Rheenen, 2011) . It has been used to explore alternative agricultural productivity futures (Islam et al., 2016; Rosegrant et al., 2014) , including the potential impacts of climate change on agriculture (Ignaciuk & Mason-D'Croz, 2014; Nelson et al., 2010; Sulser et al., 2015) . IMPACT is linked to spatially explicit crop and hydrology models to integrate natural resource constraints on agricultural production (Robinson et al., 2015; Rosegrant, Cai, & Cline, 2002) . Additionally, IMPACT represents the global agriculture sector with a high level of geographic disaggregation and broad commodity coverage as compared to other similar models (Mason-D'Croz et al., 2016; Robinson et al., 2014) , which makes it a good tool to analyze the potential of investing in African agriculture across a range of commodities.
The IMPACT system of models has, at its core, a highly disaggregated, global partial equilibrium multi-market model that simulates 62 agricultural commodity markets in 158 countries and regions. This multi-market model is directly linked to grid-based biophysical models (crop and hydrology models) that provide inputs on the impacts of changes in temperature and water availability at 0.5-degree resolution that are aggregated to summarize effects on agricultural production in 320 sub-national geographic units (Food Production Units or FPUs), which are the intersection of national boundaries with water basins. The DSSAT cropmodeling suite (Hoogenboom et al., 2012; Jones et al., 2003) provides estimated yields of crops at the grid-cell under varying management and climate scenarios. Crop land and crop allocation are determined at the FPU level using stylized land markets that simulate cropping choices based on changes to marginal revenue of crop production, such that total cropland and specific crop areas respond over time to changing crop productivity and prices. Water availability is modeled with the IMPACT suite of water models at 1 While these investment numbers are estimates of total amounts subject to different methods of imperfect data collection, they do provide a fair indication of equivalence and relative magnitude.
the grid level and aggregated to FPUs, with water demand determined through crop/livestock life cycles, cropping patterns, and competition with non-agricultural sectors at FPU levels. IMPACT solves for equilibrium prices that clear world commodity markets by equating global supply and demand annually out to 2050. Food demand is simulated for all countries and regions based on changes in average income, population, and prices. Food demand then serves as an input to estimations of changes in food security, such as the population at risk of hunger (Fischer, Shah, Tubiello, & van Velhuizen, 2005) and malnourished children (Smith & Haddad, 2000) . For more details on IMPACT see Appendix S2, which summarizes Robinson et al. (2015) .
As a partial-equilibrium model, IMPACT does not endogenously model the feedbacks between the agriculture sector and the broader economy. Investments in agriculture, particularly in developing countries where agriculture contributes a large share of total GDP, would be expected to have significant economic spillovers (Dercon & Gollin, 2014; Timmer, 2002) . To better assess the potential of investments in agriculture to spur economic growth, the IMPACT framework was augmented to include an iterative link to GLOBE (Willenbockel et al., 2018) , a global computable general equilibrium model (Fig. 1) . The extended dynamic version of GLOBE employed here was initially calibrated to the GTAP 8.1 database (Narayanan, Aguiar, & McDougall, 2012) and represents global economy-wide production, demand, and trade for 24 sectors in 15 geographical regions. This version incorporates capital accumulation, population growth, labor force growth, and technical progress, and features a stylized representation of the technical substitution possibilities among different energy sources in production using a state-of the-art KLEM (Capital [K] , Labor, Energy, Materials) technology specification. For more details on GLOBE see Appendix S3.
Changes in agricultural productivity from IMPACT are passed to GLOBE as factor productivity shifters that generate equivalent impacts on agricultural producer prices. Price changes lead to knock-on effects for non-agricultural sectors, ultimately leading to changes in real household incomes, which are then passed to IMPACT that incorporates these income dynamics into its food demand system. To bridge the varying levels of geographic aggregation between the two models we exploit the fact that the household real income deviations from the baseline are highly correlated with the initial shares of value added generated by food production. Using the fully disaggregated GTAP database we estimate the food value-added shares in GDP for 135 countries to downscale changes in real income from GLOBE to IMPACT. For more details on the coupling of IMPACT and GLOBE see supplementary Appendix S4, which summarizes Willenbockel et al. (2018) .
Scenario assumptions
To explore how additional investment could affect agriculture and hunger in Africa, we ran three scenarios:
1. A ''no climate change" scenario with current baseline model productivity assumptions (Sulser et al., 2015; Wiebe et al., 2015) and a constant 2005 climate called NoCC. 2. A scenario with baseline productivity assumptions and strong climate change impacts called CC. 3. A productivity enhancement scenario under climate change, called COMP, where productivity gains from additional investments in agriculture were added to the CC scenario.
Baseline socioeconomic assumptions
The baseline socioeconomic assumptions start with the ''middle of the road" scenario (SSP2) of the Shared Socioeconomic Pathways (SSP), a set of global scenarios developed for the IPCC's Fifth Assessment Report (Moss et al., 2010; O'Neill et al., 2017; O'Neill et al., 2014) . The SSP2 scenario corresponds to the medium variant of IIASA-VID-Oxford population projections, where global population reaches 8.3 billion by 2030 with an economy of US$143 trillion (Dellink, Chateau, Lanzi, & Magné, 2017; Jiang & O'Neill, 2017; Kc & Lutz, 2017) . SSP2 is a useful contextual scenario both at the global and regional scale and has served as a point of reference for several regional scenario exercises, which downscaled the SSPs in East (Vervoort et al., 2014) and West Africa (Palazzo et al., 2017) .
Under SSP2, expected changes in population and economic growth vary substantially by region (Table 2 ). Population growth is concentrated in the developing world, where population grows at more than one percent per year adding, by 2030, almost 1.4 billion people globally (0.5 billion in Africa), compared to about 0.1 billion in developed countries. Economic growth is also fastest in developing countries, with an average annual growth rate of five percent compared to two percent in developed countries. Africa grows at the developing country average (5.2 percent), with Western and Eastern Africa growing somewhat faster at 6.5 percent per year. Central, Northern, and Southern Africa grow below the regional average at 5.0, 4.7 and 3.9 percent respectively. Robust economic growth across Africa pushes up average incomes, with the 
Baseline climate change assumptions
The second scenario (CC) adds climate change to the baseline socioeconomic assumptions. Work done in the Agricultural Model Intercomparison and Improvement Project (AgMIP) has explored various dimensions of uncertainty around climate change impacts on agriculture. First, there is uncertainty on future GHG concentration levels, which will depend on economic growth and technological development. There is also uncertainty to the effects of increasing GHG levels in the atmosphere on changing temperatures and precipitation patterns and the ultimate impact of these changes on crop yields (Rosenzweig et al., 2014; Ruane et al., 2018; von Lampe et al., 2014) . We use the CC scenario not as a projection of climate change impacts, which ideally would include multiple climate models to give a range of potential outcomes, but more as a benchmark to provide context of the potential benefits of increased agricultural investment. As such, we designed the CC scenario to be a more ''extreme" climate scenario to explore diverse alternative climates similar to other modeling exercises (Mason-D'Croz et al., 2016; Nelson et al., 2010 Nelson et al., , 2014 . 2005. The RCPs begin to diverge more significantly by mid-and end-of century (Fig. 2 ). In the CC scenario, we have chosen to apply RCP 8.5, the most severe of the RCPs, and which a rising radiative forcing pathway leading to 8.5 W/m 2 (1370 ppm CO 2 eq) by 2100 (van Vuuren et al., 2007; van Vuuren, Eickhout, Lucas, & den Elzen, 2006) . Climate models vary in how they simulate the effects of a given GHG concentration pathway on temperature and precipitation. In this report, we focus our analysis on the climate realization from the Hadley Center's Global Environment Model (HGEM; Jones et al., 2011) . We selected HGEM because this climate model projects the most severe global consequences to agriculture from climate change with respect to changes in temperature and precipitation under RCP 8.5 (Fig. 3) and thus represents the most negative global climate scenario of those scenarios that were available from the freely available dataset of the ISI-MIP fast track initiative (Warszawski et al., 2014) . At the other extreme, the ''No-Climate-Change" (NoCC) case presents a future climate with no additional climate change.
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In the NoCC scenario, aggregate crop productivity in Africa is assumed to increase by 38 percent between 2010 and 2030 (Sulser et al., 2015) . The changing temperatures and precipitation represented in Fig. 3 would lead to a negative biophysical shock that would decrease 2030 yields in Africa by about seven percent, excluding possible economic adaptations. The negative effects of climate change in Africa are higher than for the average across developing countries or the global average (five and six percent respectively).
Comprehensive agricultural investment scenario assumptions
The third scenario presented is a comprehensive investment scenario (COMP) for agriculture and the rural sector, which combines investments in agricultural research, resource management, and infrastructure in developing countries. This scenario is drawn from related work (Rosegrant et al., 2017) assessing the potential impact of various investment levels across the CGIAR on agricultural development and sustainability.
The COMP scenario was selected for this analysis for three main reasons. First, it responds to the question of what outcomes could be achieved through increased public funding to agricultural R&D. The CGIAR has a long history of successfully converting research into agricultural and economic development (Evenson & Rosegrant, 2003; Renkow & Byerlee, 2010) and this scenario builds on this network having been developed jointly with experts across the CGIAR system and embodies an optimistic, but plausible, scenario of the potential for improvements to the agricultural sector in a future with higher investments. Second, the investments represented in this scenario are well suited to responding to the problem of underinvestment in public goods technologies, in which the CGIAR specializes. Tassey (2005) identified the four primary causes of underinvestment as: 1) technical complexity; 2) long time horizons between investments and returns; 3) challenges of scale and scope of research; and 4) leakages. The CGIAR specializes in the provision of global goods technologies and the heart of its mission is to work on the types of research most likely to see underinvestment. It also plays a critical role in developing and helping diffuse technologies by building regional research capacity that, in turn, should increase the region's ability to absorb new technologies (Aghion & Jaravel, 2015) . Third, with limited knowledge of what the future will bring, we believed it was better to look at a scenario that would help prepare for the future (Nordmann, 2014; Vervoort & Gupta, 2018) , instead of trying to predict the ''best path forward." Given the broad future uncertainty, we also believed it reasonable to follow portfolio theory and consider a broad and diversified mix of investments (Markowitz, 1952 (Markowitz, , 1991 . The COMP scenario is just such a mix, encompassing investments across the agriculture sector.
All the interventions specified in COMP are assumed to begin after 2015, with the scenario projection horizon going to 2050. The 2030 results presented in the following sections show the Source: SSP population (Jiang & O'Neill, 2017; Kc & Lutz, 2017) and GDP (Dellink et al., 2017) downloaded from SSP database (IIASA, 2013) . USD are reported in constant 2005 terms. outcomes of these interventions at the midpoint of the overall scenario. While we focus on investments in Africa, the analysis includes investments in all developing regions, recognizing the importance of spillovers in technology and market effects to eliminating hunger in any one region and the difficulty and high cost of trying to do so in isolation. The COMP scenario considers the role of improving agricultural productivity throughout the developing world, focusing on the potential gains in reducing yield gaps from increased CGIAR investment in agricultural R&D. The target yield improvements were quantified through consultations with CGIAR scientists on plausible yield gains from increases in research budgets. These yield gains were quantified for the developing world at the country level, differentiated across irrigated and rainfed systems, and incorporated knowledge on varying regional production levels and local research and extension capacity. Fig. 4 summarizes the target improvements in crop productivity globally and specifically in Africa. Agricultural productivity in Africa lags significantly behind the rest of the world and, therefore, the productivity gains possible in this region are significant in percentage terms. Africa in general is projected to be catching up with the rest of the world in the coming decades and productivity gains are generally projected to increase at a faster rate than the global average. Assuming some level of convergence may be optimistic, given that African cereal yields have not grown at a rate significantly faster than the global average since 1990 (FAO, 2016a), however it is consistent broadly with the SSP 2 narrative, which projects economic convergence (Table 2) .
COMP also considers the critical role of water in sustainable intensification of the global food system. Expanding the area equipped for irrigation is a powerful option in terms of both increasing crop yields as well as reducing the risk of production volatility due to changing weather. At the same time, however, water can be a scarce resource and the expansion of irrigation in a sustainable fashion requires investments in water use efficiency. Water use efficiency investments in all targeted regions increases efficiency by 15 percentage points. Table 3 summarizes the targeted increases in irrigated area, water use efficiency, and soil water availability.
High transportation and marketing costs reduce the potential revenues that producers can make while increasing the prices that consumers face. The COMP scenario also includes investments in improvements to transportation (roads, rail, and ports) and energy infrastructure (expansion and improvement of electrical network), which are major constraints to transportation and storage of agricultural production. These scenario assumptions were represented as declines in the price wedges between the farm-gate price and the prices consumers face.
Estimating scenario investment costs
Potential investment costs are assessed quantitatively for the COMP and baseline scenarios (NoCC and CC) with the understanding that the timing of investments is inherently different according to the targeted driver of agricultural production (e.g. crop yields versus irrigation expansion). Infrastructure investments in irrigation, as well as investments in improving marketing efficiency, require more up-front spending to expand and improve irrigation and transportation networks, whereas investments to increase agricultural yields through increased TFP require a longer-term stream of research and development activities (see Appendices S5-S7 for more details on investment calculations).
Infrastructure investments are estimated using unit costs of construction and maintenance. However, given the challenges of capturing the ''lumpy" development of new technology, where progress can be observed in fits and bursts, with advances in basic science pushing continued gains in applied science for a period of time (Tassey, 2005) , we decided to structurally model the process (Rosenzweig et al., 2014; Taylor, Stouffer, & Meehl, 2012; Warszawski et al., 2014) and are downscaled for use in the crop models.
of converting R&D investments into agricultural productivity gains. To do this, we follow a long literature of translating R&D investments into changes on sector productivity (Alston & Pardey, 2001; Alston, 2018; Alston, Pardey, James, & Andersen, 2009; Ball, Schimmelpfenning, & Wang, 2013; Esposti & Pierani, 2003; Fuglie, 2012 Fuglie, , 2017 Griliches, 1958 Griliches, , 1979 Griliches, , 1994 Huffman, 2018) and chose to employ the perpetual inventory methodology (PIM), considered the ''the workhorse of R&D stock estimation" techniques (Hall, Mairesse, & Mohnen, 2010) .
The PIM includes not only the building of the stock of knowledge, but also acknowledges the process of ''creative destruction" as new methods of production make the old obsolete (Schumpeter, 1942) . We follow Esposti and Pierani (2003) , who link the parameterization of the PIM (in particular the decay rate and R&D elasticities) with the type of research being modeled (basic, applied, and developmental research). Additionally, we recognize different regional and institutional returns to R&D investment (Evenson & Gollin, 2003) and disaggregate agricultural R&D by region and source of public investment (CGIAR or National Agricultural Research Systems (NARS)). This allowed us to represent the variation of regional and institutional capacity, as well as in what types of research each institution specializes (i.e. CGIAR tends to work more on basic research). We further apply lessons from Alston et al. (2011) to explicitly incorporate spillovers into the process of the building of stock of knowledge.
Baseline investments
The additional public investments included in the baseline for Africa and West Asia 3 are projected to be more than $9 billion per year, with about $7.5 billion in direct government investments in agriculture (excluding infrastructure and the CGIAR Col 2-5 in Table 4 ). This will require government investments in agriculture to more than double currently estimated levels (Table 1) by 2030, a significant increase, but one that is plausible given the low levels of investments compared to other developing regions and the economic growth projected for Africa under SSP2 (Table 2) . Globally, the additional investments assumed in the baseline are more than $86 billion per year, with about $34 billion coming from direct investments in agriculture, which can be categorized primarily as either investments in R&D or in irrigation and water resource use. In IMPACT, improvements in agricultural productivity are embedded in growth rates, which represent historical trends on agricultural yield growth and biological yield potential (Robinson et al., 2015) . To assess the future costs of the projected yields, we have calculated the required investments in agricultural R&D to achieve given changes in agricultural productivity using PIM. The CGIAR contributed about three percent of total public R&D funding in developing regions; however, in SSA it contributes about twelve percent (ASTI, 2016; Beintema et al., 2012) . The projected investment costs for Africa are $2.7 billion per year, with CGIAR investments projected to follow historical trends and keep pace with GDP growth from 2010 to 2050 (4.1 percent compared to 4.4 percent for GDP). Investments grow faster than GDP to 2030 (6.3 vs. 4.7 percent) to account for research lags between initial investments and productivity growth. NARS investments are also projected to increase across the region from $1.6 to $2.4 billion by 2030, an increase of over 50 percent.
In 2010, Africa and West Asia accounted for about 10 percent of the world's irrigated area, about 32 million hectares. Total irrigated area in IMPACT is projected to increase in the region by approximately six million hectares by 2030, with this increase split evenly between SSA, and North Africa and West Asia. In SSA this is an increase of over 33 percent, whereas for North Africa and West Asia, the increase is about 13 percent over 2010 levels. In addition to expanding irrigated areas throughout the region, the baseline scenario considers that new water resource management technologies will be implemented over time. There is significant variation globally on the efficiency of water management systems due to irrigation technologies (e.g. drip vs. furrow; Rosegrant et al., 2002; Ignaciuk, D'Croz, & Islam, 2015) and crop management (e.g. no-till, Rosegrant et al., 2014) . The baseline scenario assumes improving regional water use efficiency based on historical trends, which leads to a 4 percent decline in water use intensity per Fig. 4 . Target crop productivity improvements in Africa and globally by 2030 (percent change from the baseline climate change scenario, HGEM). Note: These figures summarize productivity improvement assumptions in the COMP scenario. All productivity targets were specified at the country level and disaggregated by irrigated and rainfed management. The World value includes Africa. (FAO, 2016b) , the average annual cost of investments to achieve this level of improvement to the irrigation system amounts to about $4 billion per year from 2010 to 2030. The majority of the investments is dedicated to irrigation expansion, particularly in SSA. Improvements in soil management were estimated to be more than $1.5 billion per year with SSA requiring about 58 percent of costs for Africa and West Asia. The economic growth projected as a part of the baseline SSP2 assumptions is significant across the developing world, particularly for SSA. This growth will require investments in expanding and maintaining transportation and energy infrastructure, which are critical for not only the agriculture sector, but the economy as a whole. Following Rosegrant, Magalhaes, Valmonte-Santos, and Mason-D'Croz (2018), we estimate global infrastructure investments to be about $52.5 billion per year. In Africa and West Asia, the investment levels will be much smaller than in other regions at about $1.1 billion per year, which may seem counterintuitive due to lower levels of infrastructure in the region. However, a significant share of infrastructure investment is focused on maintenance and preventing deterioration. The low levels and quality of existing infrastructure throughout Africa and West Asia lead to lower investment costs in the region as investments are focused on new construction instead of maintaining older infrastructure.
Comprehensive agricultural sector investments to help end hunger in Africa
The COMP investment portfolio represents a broad array of additional investments across different parts of the agricultural system. If these investments were to occur simultaneously, we would expect the total additional cost for all developing countries to be about $52 billion per year from 2015 to 2030 (Table 5) , an amount comparable to assumed baseline infrastructure investments. The additional direct investments in agriculture (excluding infrastructure) account for about $26 billion per year, of which about $8 billion per year would be in Africa and West Asia. The total investment cost for Africa and West Asia, including infrastructure, is almost $15 billion per year (29 percent of total investment across all developing countries).
To achieve the additional productivity enhancements projected in the COMP scenario illustrated in Fig. 4 , total CGIAR investments in agricultural R&D would start to diverge from the baseline in 2015, increasing to more than $3.1 billion by 2030, almost double the investment level in 2030 in the baseline scenario ($1.7 billion) (Fig. 5) . This amounts to an average annual investment of $0.74 billion per year in additional investments in CGIAR research. These investment increases will not be uniform across regions, with nearly 90 percent of additional investments ($0.67 billion per year) needed in SSA.
Plausible investments in agricultural research to boost yields by 2030 will not be sufficient to eliminate hunger in Africa. Additional investments to improve the productive capacity of agriculture and boost the sector's efficiency will be required. These investments are also critical towards improving the sustainability of the agriculture sector ensuring that gains achieved by 2030 can be maintained moving further into the 21st century. The additional agricultural investments considered in this analysis include investments to improving the capacity of water resource management (more efficient irrigation technologies, implementation of soil water management technologies), as well as further expansion of irrigation beyond the assumed expansion in the baseline.
The additional investments needed to expand irrigation, and improve water resource management throughout the developing world are significant, more than $25 billion per year (columns 2-4 in Table 5 ), nearly doubling baseline investments for irrigation expansion (Table 4) . About $7.7 billion, or about 31 percent, of this additional investment will be in Africa and West Asia. Most of this investment in Africa and West Asia will be in irrigation expansion ($3.6 billion, 47 percent) and soil management ($3 billion, 40 percent). Within this region almost two thirds of the investments are concentrated in SSA.
Agricultural markets throughout the developing world suffer from market inefficiencies due to poor infrastructure. To reduce these inefficiencies, and thereby reduce transportation and marketing costs it is necessary to invest in building new infrastructure Note: CGIAR investments focus on developing countries, and soil management investment data are available only in developing countries. as well as improving and maintaining current infrastructure. These investments enhance productivity along the value chain, increase the speed of moving commodities to markets while also improving storage capacity, all of which improve market efficiency by better matching supply and demand over time. In this scenario, infrastructure investments focus on expanding and improving energy and transportation infrastructure. The cost of infrastructure investments is based on Rosegrant et al. (2018) , where infrastructure investments across the developing world in road network expansion and improvement, rail expansion, and increased electrification were estimated to cost almost $26 billion per year between 2015 and 2030. Investments in Africa and West Asia account for about $6.6 billion (25 percent) of the total infrastructure investments with the majority dedicated to the improvement of road connections.
Results
The developing world is projected to experience important improvements in overall well-being and reduced hunger in the NoCC scenario. The investment scenarios described above, combined with other drivers, will play a significant role in this positive trajectory. Economic growth is particularly important with average incomes in the developing world more than doubling between 2010 and 2030 in the baseline scenario. Africa experiences fairly optimistic growth in per capita incomes of more than three percent per year during this period. Although, we should note that changes in average incomes can still mask significant diversity of income and poverty levels at the household and individual level. Climate change (CC) is projected to slow global income growth by about 1 percent over this period and have stronger effects in the developing world, especially in Africa and South Asia.
Income
Coupling the GLOBE and IMPACT models allows endogenous determination of the aggregate income effects of changes in agricultural productivity. The COMP scenario, combining high investment in agricultural R&D, irrigation expansion, improvements in water use efficiency and soil water management, and reduced marketing margins, sees significant increases in income and manages to more than offset the negative effects of climate change on incomes by 2030. Globally, average incomes increase by almost $500 per person (about three percent) in 2030 compared to the CC scenario without added investments. Developing countries generally benefit more, with Africa seeing average incomes increasing by more than five percent (over $200 per person). The regional average masks variation within Africa, with larger growth observed in West Africa ($300 per person) compared to Central Africa ($60 per person) ( Table 6 ).
Agricultural productivity
Agricultural productivity is projected to increase by about 32 percent in the developing world between 2010 and 2030 in the absence of climate change (NoCC). Climate change reduces this potential productivity growth by four percentage points (with variation by crop and region) as yields respond to changes in temperature and precipitation and, in turn, to changing prices. The additional investments in agriculture in the COMP scenario have significant effects on yields, with gains more than offsetting the negative effects of climate change and increasing global crop productivity in 2030 by 40 percent compared to 2010. This is 12 and 8 percentage points above the CC and NoCC scenarios, respectively. Africa gains significantly in this scenario with crop productivity increasing by 51 percent over 2010 levels, from 47 to 56 percent, depending on the region (Fig. 6 ).
Commodity prices
The interplay of food prices and income ultimately determines the ability of consumers to purchase the quantities of food they demand. Growing population, increasing incomes, and climate change are all factors that will likely lead to higher food prices. By 2030, prices are projected to increase between 10 and 30 percent from 2010 levels under a baseline without climate change (Fig. 7) . Climate change, on average, increases prices an additional 3 to 15 percentage points, with cereals and roots and tubers seeing the largest price increases due to climate change. In the COMP scenario, the increases in agricultural productivity are able to not only offset the price increases caused by climate change, but also, in several cases, are able to more than match the added demands caused by population and income growth. For example, average prices for meats, cereals, pulses, roots and tubers fall to or below 2010 levels. Processed commodities like food oils and sugar, which were not targeted in this scenario, see smaller price declines, but still return to levels projected without climate change.
Food availability and hunger
The average kilocalorie availability across the developing world increases from about 2700 kcal per person per day in 2010 to almost 3000 per day by 2030, or the recommended daily intake of an active 20 to 35-year-old male (USDA, 2015) . Africa starts from a lower base than the developing country average with 2500 kcal per person growing to 2700 by 2030. Northern and Southern Africa are above the developing country average, both achieving over 3000 kcal by 2030 with or without climate change. Eastern and Central Africa lag behind the rest of Africa with initial kilocalories per person around 2100 in 2010 and staying below 2500 in 2030 in both scenarios with and without climate change.
Increasing incomes combined with lower food prices due to productivity improvements in the COMP scenario help to drive down food insecurity (along the dimension of food supply) globally with calorie availability increasing by 15 and 13 percent relative to a baseline without climate change in developing countries and Africa, respectively (Fig. 8) . The largest gains are in Central and Western Africa, where kilocalories increase by six percent compared to the NoCC scenario. Higher consuming Northern and Southern Africa see smaller gains (two to three percent) with Eastern Africa in between at four percent.
What does it mean to achieve SDG2 and eliminate hunger? Few would argue with the goal, but actually defining it in practical terms (let alone achieving it in absolute terms) is more challenging. Changes in average income, prices, and food availability are useful targets for broadly driving down hunger but will still miss parts of the population. For example, some people remain hungry even in rich countries due to gaps in social protection measures and other factors. Therefore, we follow one of the scenarios analyzed in FAO (2015) Achieving Zero Hunger report, which adopted ''a prudential threshold of five percent of the population."
The general trend towards increasing calorie availability leads to a decline in the prevalence of hunger as measured by the share of the total population in the developing world. However, in raw terms, this decline is less noted in Africa where rapid population growth keeps the number of people at risk of hunger in 2030 near 2010 levels even though shares are declining. This is particularly true for Northern and Eastern Africa where the number of people at risk of hunger increases in 2030 compared to 2010 even without taking into account the negative effects of climate change (Fig. 9) . Once climate change is included, the population at risk of hunger in 2030 is greater than 2010 levels in Northern, Western, and Central Africa, with only Southern Africa seeing a decline in the population at risk of hunger from 2010. Nevertheless, it is important to note that in all regions the share of the population at risk of hunger is declining. Particularly large reductions are observed in Eastern and Central Africa where the share falls from 35 and 41 percent in 2010 to 26 and 22 percent in 2030, respectively.
Under the COMP scenario, these trends toward declining rates of hunger are accelerated and help drive down the prevalence of hunger across the three most food insecure regions (Western, Eastern, and Central Africa) that contribute almost 90 percent of those at risk of hunger in Africa and almost a quarter of the global population at risk in 2010. By 2030, the added investments in agriculture help to halve the number of people at risk of hunger and drive down the share of the world's population at risk of hunger from over 12 percent to just over 5 percent. In Africa, these additional investments lead to the share at risk of hunger falling from 21 percent in 2010 to about 10 percent by 2030, a reduction of about 55 million people, compared to a 16 million increase by 2030 in the CC scenario. Three sub-regions (Northern, Western, and Southern Africa) achieve the target of five percent at risk of hunger, but the share at risk remains above 10 percent in Eastern and Central Africa, despite significant reductions. In total, 16 of the 48 African countries modeled in IMPACT approach or surpass the five percent target by 2030, with another six countries at or below 10 percent at risk of hunger. Without the additional investments in COMP, only 12 countries would achieve the five percent target, with another five countries below 10 percent at risk of hunger.
Discussion
Model results in context
Numerous estimates have been made of the cost of achieving various development goals, such as ending hunger, though methods and targets are often specified differently and therefore careful interpretation is necessary when comparing across studies. Estimates vary for different reasons related to the specific questions being asked; the objective of the study; sectors covered; whether climate change is considered; the methods, models and assumptions used; geographical coverage; and numerous other factors. Because different studies ask different questions and employ different methods, estimates are not always directly comparable. Here we compare and contrast our results with those from a 2015 study by FAO, IFAD, and WFP (referred to here as the Achieving Zero Hunger estimates) as well as with joint IISD and IFPRI work (Laborde, Bizikova, Lallemant, & Smaller, 2016) .
Estimates of the additional investments needed are largest for the 2015 Achieving Zero Hunger analysis and smallest for Laborde et al. (2016) with the results presented in this paper in-between. This is largely due to differences in the questions being asked and the methods used to answer them (Table 7) . The Achieving Zero Hunger analysis eliminates hunger in all countries by eliminating poverty. Laborde et al. (2016) instead consider the minimum public investment needed to end hunger. Both of these studies consider investments in and outside of agriculture and do not include the impacts of climate change. Our analysis, instead of costing the eradication of hunger, attempts to estimate the potential hunger reduction from investments only in the agriculture sector and includes the potential impacts of climate change on hunger eradication efforts.
In the 2015 Achieving Zero Hunger report, the Rome-based UN agencies (FAO, IFAD, & WFP, 2015a) posited that poverty and hunger could be eradicated in all developing countries by 2030. To do so would involve additional public investment in social protection combined with public and private efforts to raise investment levels in productive sectors-especially in rural areas and particularly in agriculture. Over the period 2016-2030, the additional poverty gap transfers as well as increased investments in productive sectors would need to total US$265 billion per year on average. This represents 0.3 percent of global GDP in 2014. It would fund social protection and additional targeted pro-poor investments with rural areas receiving most (US$181 billion) of the annual investments. Hunger would be reduced to below five percent prevalence rates in all developing countries considered by raising incomes of the poor above the poverty line. Climate change impacts are not considered in the Achieving Zero Hunger analysis.
The joint analysis by IISD and IFPRI estimates the minimum cost of ending hunger by 2030, defined as reducing the population consuming less than the Minimum Dietary Energy Requirement (MDER) to five percent or less. This study found the cost to be $11 billion annually from 2015 to 2030, four billion of which would be required from donors (Laborde et al., 2016) . The pathway for ending hunger focuses on additional investments in social safety nets, farm support, and rural development. The target recipients are vulnerable households and the impacts of climate change are not included. The model used was the MIRAGRODEP model-using a mixture of multisector CGE modelling and bottom up estimates based on household survey data for seven countries in Africa. The split between donors and private financing was determined using a co-funding rule; this involved regression of government spending on ODA to determine the relationship which is assumed to stay the same into the future.
The results presented in this paper are estimates of possible outcomes of different levels of investment on a range of indicators, including agricultural productivity and hunger. Under baseline productivity scenarios, direct investments in agriculture (excluding infrastructure) across developing countries average $20 billion annually from 2010 to 2030. Including infrastructure, the total baseline investments across developing countries is about $45.5 billion. Under the COMP scenario, additional investments are $52 billion annually from 2015 to 2030 and are allocated to agricultural R&D, expanding irrigation, improved water use efficiency and soil management, and improved transportation and energy infrastructure. Most of the additional investments needed in agricultural R&D takes place in SSA while investments in some other sectors are more evenly spread among regions.
The impacts of additional investments under COMP are increased average incomes, improved agricultural productivity, decreased food prices, and improved food security. The prevalence of hunger would be reduced to five percent on average across developing countries. In addition to reducing hunger, other goals are also achieved, such as increased agricultural productivity, and increased incomes. Incomes in Africa increased by about five percent compared to the baseline in 2030, and agricultural productivity was more than 1.5 times as high as it was in 2010. Nevertheless, despite the share at risk of hunger declining to the five percent threshold in the developing world as a whole and in several African sub-regions, Africa in aggregate persists at a level closer to 10 percent with progress lagging in Eastern and Central Africa. This suggests that additional investments in agriculture could be important pieces of a broad portfolio of investments and interventions, but will need to be supplemented by additional social safety net and pro-poor investments similar to those suggested by Laborde et al. if the goal of achieving SDG2 is to be achieved.
Caveats and critical assessment
In this paper, we explore the potential contributions of a scenario of higher future investments within the CGIAR with a particular focus on the impacts on the population at risk of hunger. We have taken a novel approach attempting to integrate the R&D and agricultural productivity literature directly to a global economic modeling framework to better link projected economy-wide gains in agricultural production to the kinds of investments needed to achieve these gains. Our modeling efforts include a broad multimodel ensemble designed to capture key feedback dynamics between agriculture and other sectors of the economy by integration of GLOBE into the IMPACT framework. The inclusion of this linkage allowed for a better assessment of some of the potential benefits of investments in agriculture in Africa, which suggested an estimated reduction of 1.2% (2 million) fewer people at risk of hunger in Africa than would have been estimated without income feedbacks from GLOBE (for more detailed comparison of results with and without connection to GLOBE in Appendices Table S5 ). Our objective with this multi-model ensemble was to expand the scope of analysis, but we recognize that results are in part dependent on the models selected. Research from AgMIP suggests that there can be significant differences in outcomes between models even when assuming the same scenario inputs (Rosenzweig et al., 2014; von Lampe et al., 2014) . A multi-model ensemble that included multiple similar models (crop, economic, climate), would allow us to explore model uncertainty at each coupling point. Baseline productivity growth and investment levels, as well as future food demand are directly tied to scenarios of economic growth. This analysis only used SSP2, and we would expect the magnitude of the challenge of eradicating hunger would vary significantly based on the socioeconomic scenarios used. Nevertheless, given recent results from work by Hasegawa et al. (2018) , which explores future hunger across a broader range of economic and climate scenarios, and including land-use and trade policies that were not included in this analysis, we believe our conclusion that increased investments in agriculture are necessary but insufficient to achieve SDG2 would be robust in such an exercise.
The potential gains from Agricultural R&D are also susceptible to uncertainty in future state capacity and fragility. The SSPs focus their narratives on long run trends in the global economy, which, while helpful for exploring scenarios around climate change and long run drivers in the food system like agricultural R&D, do not include other drivers that are important to global food security. For example, extreme events, both social and environmental, will almost certainly complicate progress towards SDG2. These events and crises can displace millions while destroying capital (human, physical, natural, social) and limiting the capacity of societies to effectively function. Poor governance and weak and corrupt states can prevent the effective application of science, technology, and best practices. The recent uptick in global food insecurity can be attributed in large part due to state failure and internal conflicts (FAO, 2017; FSIN, 2018) . Peace and stability, broadly, are prerequisites for development, without which gains from research are unlikely to be achieved.
Uncertainty in this analysis also stems from the fact that global economic models rely on aggregated national statistics and must represent detailed economic behavior in a fairly stylized way. The global food system is rapidly transforming with the development of more complex and integrated processing value chains (Reardon et al., 2018) . We believe that by coupling a highly disaggregated agricultural partial equilibrium model like IMPACT to GLOBE was an important advance to better assess economy-wide impacts of investments. However, we also recognize that the kinds of investments we considered are focused more on primary production, even as we tried to simulate certain investments like improved infrastructure that would see their impact more generally throughout the value chain. Future research linking global models like IMPACT and GLOBE to more granular analysis of value chains could highlight important complimentary interventions that could ensure there is full capacity throughout the value chain for the increased production modeled in this work. Hunger in this analysis, as well as those we've compared to provide context define hunger in terms of calories. For a better assessment on changes to food security, which should be the ultimate goal for policymakers, more research will be needed to move beyond calorie supply, and to consider dietary and nutritional quality. Both IMPACT and GLOBE simulate economic behavior of a single representative consumer. National averages can mask significant distributional differences within countries and there would be significant gains from trying to bridge scales of analysis through linking to more detailed value chain and disaggregated household analyses.
On the side of cost estimation, we had to work in a data sparse environment with limited long-run data on investments, which complicates the empirical estimation of returns to R&D (Esposti & Pierani, 2003) . We applied a methodology with a structural theory of how investments in R&D are converted to changes in sector productivity, the PIM. However, this approach has its drawbacks in that the parameters needed to represent research lags and knowledge decay are not observed directly and are difficult to estimate as they are endogenous with respect to investment decisions (Bitzer & Stephan, 2007; Hall et al., 2010) . Baker and Shittu (2007) highlighted the importance of better understanding endogenous technical change, and further research is still needed to better understand the way that research institutions respond to changes in R&D investment levels and how basic research and absorptive capacity can increase or decrease with respect to investment decisions. Better understanding these relationships will be critical for closing the modeling feedback loop, to begin to consider the potential effects of income changes and economic development on R&D investment streams.
Additionally, with our focus on public investments through the CGIAR, we assumed that private and other public investments (e.g. NARS) stayed at baseline levels and would not adjust to higher spending in the CGIAR. However, it is unlikely that the rest of the agricultural R&D ecosystem would not adjust their behavior. More research would be needed to explore this. It is possible that these increases could crowd out other investments, decreasing non-CGIAR investments, which in turn could diminish regional capacity to fully benefit from research done in the CGIAR. Alternatively, it could spur complementary research investments, leading to an even greater impact from additional investments. From a policy perspective, the latter case is obviously preferred, so applied research in this realm would be useful to ensure greater impacts and efficacy.
Conclusions
In this research, we used a quantitative foresight modeling system (IMPACT) to examine the potential impact of increasing investments in agricultural R&D, with a particular focus on the potential impact of climate change. Agricultural research, resource management, and infrastructure improvement can help address the challenges of meeting future food demands, but it is unlikely that hunger can be eliminated by focusing on the agricultural sector alone. Complementary efforts will be required outside of agriculture. The costs of investments focused on the agricultural sector are in line with historical trends and should be manageable with increasing growth in global and regional economies. Nevertheless, reducing hunger in Africa will be a challenge moving forward. To make progress towards this goal we should recognize the following:
1. Climate change has impeded and will continue to impede progress on reducing hunger. Climate change could increase the number of people at risk of hunger in 2030 relative to a scenario without climate change. In Africa, the combined effects of population growth and climate change mean that the number of people at risk of hunger is projected to increase even relative to today's levels, i.e. more than offsetting reductions projected in 2030 due to increased incomes and other factors. Reducing hunger will be particularly challenging in Eastern and Central Africa.
2. Increased investment in agriculture in Africa and the rest of the world can accelerate productivity growth for important crops and livestock and counteract the effects of climate change. Increased investments in agricultural research, resource management, and infrastructure can more than offset the negative effects of climate change, increasing crop productivity in 2030 by 40 percent globally and by over 50 percent in Africa compared to 2010 levels. 3. Increased investments in agricultural R&D will result in large declines in the share and number of hungry people in Africa.
Increased productivity growth in agriculture boosts food supply, reduces food prices, and increases incomes. This increases access to food and helps reduce the share of people at risk of hunger in 2030 to five percent or less in Northern, Western, and Southern Africa. However, the share is projected to remain at 10 percent or more in Eastern and Central Africa even with investments in agricultural R&D. 4. Additional investments in Africa to achieve these results under climate change are estimated to cost about $15 billion per year between 2015 and 2030 4 (compared to the baseline scenario).
While the costing methodology in this research produced estimates that differ from other research on this topic, the research questions and approaches make these studies mutually reinforcing, despite their apparent contrast. The joint IISD and IFPRI work by Laborde et al. (2016) targeted vulnerable households only and did not consider the impacts of climate change and produced lower estimate for annual cost. The FAO et al. (2015a) Achieving Zero Hunger report estimated a costlier goal of raising incomes and eliminating poverty more generally. In all cases, the research implies necessary increases over current levels of government and international spending on agriculture in Africa. 5. Increased investment outside of the agricultural sector is likely needed to end hunger in Africa by 2030. While agriculture is an important cornerstone for most of Africa, its overall importance is declining as economies grow. Investments in the agricultural sector will help build the foundation for a more prosperous and stable Africa, but complementary investments throughout value chains within the food system and in the non-agricultural sector will be necessary for resilient economies and achievement of the SDGs, especially for eliminating hunger. Future work will examine the scope for further progress in ending hunger through investments outside of the agricultural sector, such as clean water and sanitation, health, education, and the manufacturing and services sectors.
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